Cardiac arrest is a leading cause of death worldwide. While survival rates following sudden cardiac arrest remain relatively low, recent advancements in patient care have begun to increase the proportion of individuals who survive cardiac arrest. However, many of these individuals subsequently develop physiological and psychiatric conditions that likely result from ongoing neuroinflammation and neuronal death. The present study was conducted to better understand the pathophysiological effects of cardiac arrest on neuronal cell death and inflammation, and their modulation by the cholinergic system. Using a well validated model of cardiac arrest, here we show that global cerebral ischemia increases microglial activation, proinflammatory cytokine mRNA expression (interleukin-1␤, interleukin-6, tumor necrosis factor-␣), and neuronal damage. Cardiac arrest also induces alterations in numerous cellular components of central cholinergic signaling, including a reduction in choline acetyltransferase enzymatic activity and the number of choline acetyltransferasepositive neurons, as well as, reduced acetylcholinesterase and vesicular acetylcholine transporter mRNA. However, treatment with a selective agonist of the ␣7 nicotinic acetylcholine receptor, the primary receptor mediating the cholinergic anti-inflammatory pathway, significantly decreases the neuroinflammation and neuronal damage resulting from cardiac arrest. These data suggest that global cerebral ischemia results in significant declines in central cholinergic signaling, which may in turn diminish the capacity of the cholinergic anti-inflammatory pathway to control inflammation. Furthermore, we provide evidence that pharmacological activation of ␣7 nicotinic acetylcholine receptors provide significant protection against ischemia-related cell death and inflammation within a clinically relevant time frame.
Introduction
Sudden cardiac arrest (CA) affects millions of individuals each year and is a leading cause of mortality worldwide (American Heart Association, 2002) . While mortality rates following cardiac arrest remain high, recent advances in resuscitation procedures (Püttgen et al., 2009 ) have improved survival and increased the need to explore interventions that can minimize the long-term neurological, psychological, and physical consequences of global cerebral ischemia (Paradis et al., 2002; Bunch et al., 2003) . Therefore, exploring new interventions that can counteract or minimize the adverse consequences of global cerebral ischemia as a result of cardiac arrest is critically important. One potential target is the immune system; immune dysregulation is a prominent feature of postresuscitation syndrome (Adrie et al., 2002) and can enhance neuronal damage in the days following successful resuscitation (Harukuni and Bhardwaj, 2006) . Immune cells, such as microglia and macrophages, become activated soon after cerebral ischemia and begin to increase the production and release of cytotoxic agents, including cytokines, matrix metalloproteinases, nitric oxide, and reactive oxygen species (Wang et al., 2007) , which can contribute to neuronal cell death, as well as disruption of the blood-brain barrier (Danton and Dietrich, 2003; Kidwell et al., 2008) . Although moderate levels of neuroinflammation are protective in some contexts (Lambertsen et al., 2009) , an inability to control extreme inflammation following cerebral ischemia exacerbates neural injury (Allan et al., 2005; Harukuni and Bhardwaj, 2006) . Acetylcholine (ACh) is a potent physiological regulator of central and peripheral inflammation (Tracey, 2009 ), in addition to its well known role in motor, cognitive, and affective processes (Berntson et al., 1998; Sarter and Parikh, 2005) . Dysregulation of cholinergic signaling has been implicated in a wide range of inflammatory disorders including Alzheimer's disease (Wenk and Willard, 1998) , cerebral hemorrhage (Lee et al., 2010) , and sepsis (Adrie et al., 2002; Tracey, 2009) . In contrast, treatment with exogenous ACh agonists reduces experimentally induced inflammation (Tracey, 2009 ). Activity at cholinergic ␣7 nicotinic acetylcholine receptors (␣7nAChRs) mediate the majority of the effects of ACh on the immune system (Tracey, 2009) , and both neurons and microglia express functional ␣7nAChRs (Sharma and Vijayaraghavan, 2002; Sarter and Parikh, 2005) . Indeed, activity at microglial ␣7nAChRs influences glial activation (Ohnishi et al., 2009) , proinflammatory cytokine production (Rosas-Ballina et al., 2009) , and the expression of reactive oxygen species (Moon et al., 2008) in vitro. Similarly, activation of ␣7nAChR attenuates inflammation in a myriad of in vivo disease models, including sepsis, arthritis, and myocardial ischemia (Tracey, 2009 ). Thus, a decline in cholinergic neurotransmission following brain injury may diminish the capacity of the CNS to control run-away inflammation (Tracey, 2009) . Neuronal cell death following CA/ cardiopulmonary resuscitation (CA/CPR) is predominantly located in "watershed" areas, such as the hippocampus (Böttiger et al., 1999) , a structure densely populated with ␣7nAChRs (Gotti et al., 2006) . We reasoned that the loss of cholinergic functioning following cerebral ischemia may compromise the physiological regulation of inflammation and cell survival mechanisms, and that treatments aimed at restoring aspects of cholinergic signaling may prove beneficial.
The objective of the present study was to determine whether cardiac arrest disrupts the cholinergic signaling and its associated anti-inflammatory properties. Here, we report that global cerebral ischemia causes an increase in central and peripheral inflammation, an increase in neuronal death, and a reduction in forebrain ACh. Furthermore, concurrent treatment with a selective ␣7nAChR agonist (GTS-21) reduces postischemic inflammation and neuronal damage; the beneficial effects of GTS-21 were eliminated by treatment with mecamylamine, an ␣7nAChR antagonist.
Materials and Methods
Adult male C57BL/6 mice (23-30 g; Charles River) were maintained on a 14/10 h light/dark cycle and individually housed within a temperatureand humidity-controlled vivarium. The study was conducted in accordance with National Institutes of Health (NIH) guidelines and was approved by The Ohio State University Institutional Animal Care and Use Committee.
Experimental protocols
Study 1: the influence of global cerebral ischemia on substrates of cholinergic signaling. Animals were randomly assigned to one of six experimental groups: the first two groups survived for 3 d following surgery, and then their tissue was processed for mRNA analysis (control, n ϭ 15; normothermic CA/CPR, n ϭ 10). For the purposes of histological analysis, another cohort of animals survived for 7 d following either normothermic CA/CPR (n ϭ 10) or control surgeries (n ϭ 15). The control groups consisted of hypothermic CA/CPR (n ϭ 7) and sham (n ϭ 8) animals (see below, CA/CPR procedure, for detailed surgery description); consistent with previous reports (Neigh et al., 2004; Norman et al., 2010) , the sham and hypothermic groups did not differ from one another on any of the dependent measures and were subsequently collapsed into a single control group for statistical comparisons. An additional 20 mice (control, n ϭ 10; normothermic CA/CPR, n ϭ 10) survived for 7 d following surgery for analysis of choline acetyltransferase (ChAT) enzymatic activity.
Study 2: assessing the role of pharmacological stimulation of ␣7nAChR following CA/CPR. Mice were randomly assigned to experimental groups surviving 3 or 7 d. Within the 3 d survival cohort, groups consisted of control (n ϭ 16) and normothermic CA/CPR (n ϭ 9) animals treated with either 4 mg/kg GTS-21 or vehicle (isotonic saline; n Ն 8/group). To confirm that the effects of GTS-21 were dependent on nicotinic receptors, the selective nicotinic receptor antagonist mecamylamine (1 mg/kg) was administered daily along with GTS-21 (4 mg/kg) to a cohort of normothermic CA/CPR animals (n ϭ 8). As in study 1, the sham (n ϭ 8) and hypothermic CA/CPR (n ϭ 8) groups did not differ statistically from one another and were subsequently collapsed into a single control group for statistical analysis and graphic representation.
CA/CPR procedure. Mice were anesthetized with isoflurane, and then 8 min of cardiac arrest was induced via potassium chloride (50 l, 0.5 M, 4°C). CPR was initiated via injection of epinephrine (16 g in 0.6 cc of saline, 37°C) and chest compressions (300/min). To protect against peripheral organ damage in all mice, the periphery was maintained at 27°C during CA/CPR. A double-lumen coil system was used to manipulate head temperature independently of body temperature; the brains of experimental animals were maintained at 37°C (normothermic), while the brains of the ischemic controls were maintained at 27°C (hypothermic) to prevent CA/CPR-induced neuroinflammation and neuronal damage (Neigh et al., 2009 ). The sham animals underwent the same surgical procedures and temperature manipulations as the CA animals, except that isotonic saline was injected instead of potassium chloride and epinephrine, and no CPR was performed.
Drug treatment
GTS-21 was dissolved in saline (vehicle) and administered intraperitoneally daily at a dose of 4 mg/kg, beginning 24 h after CA/CPR. Peripherally administered GTS-21 has a biological half-life of 12-24 h (Pavlov et al., 2007) and readily crosses the blood-brain barrier (Briggs et al., 1997; Mahnir et al., 1998) . In a subset of animals, mecamylamine was coadministered (1 mg/kg, i.p., in isotonic saline) with GTS-21. The clearance half-life of mecamylamine is 10.1 h in plasma (Young et al., 2001 ). Peripherally administered mecamylamine rapidly accumulates within the hippocampus with concentrations following peripheral administration (Debruyne et al., 2003) .
mRNA analysis
Brain tissue was collected 3 d after CA/CPR using aseptic techniques; this time point was chosen because it corresponds with peak neuroinflammation preceding neuronal death from CA/CPR. Hippocampi were dissected, and total RNA was extracted from Ͼ30 mg of individual hippocampi using an homogenizer (Ultra-Turrax T8, IKA Works) and an RNeasy Mini Kit according to manufacturer's protocol (Qiagen). cDNA was created via reverse transcription of 2 g of RNA from each sample with MMLV Reverse Transcriptase enzyme (Invitrogen) according to the manufacturer's protocol.
A TaqMan 18S Ribosomal RNA primer and probe set (labeled with VIC fluorescent dye; Applied Biosystems) was used as an internal control and normalization. Proinflammatory cytokine mRNA levels of interleukin-1␤ (IL-1␤), tumor necrosis factor ␣ (TNF-␣), IL-6, glial markers glial fibrillary acidic protein (GFAP), and CD11b (Mac-1), acetylcholinesterase (AChE), ChAT, vesicular ACh transporter (vAChT), and high-affinity choline transporter-1 (ChT1) were analyzed using inventoried primer and probe kits purchased from Applied Biosystems. The universal two-step reverse transcriptase PCR cycling conditions used were as follows: 50°C for 2 min, 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. Relative gene expression of individual samples run in duplicate was calculated by comparison to a relative standard curve and then normalized to the ribosomal RNA subunit 18s (a housekeeping gene) to control for global changes in gene expression and experimental error. Amplification was performed on an ABI 7000 Sequencing Detection System by using Taqman Universal Master Mix (Applied Biosystems).
Histology
Tissue collection. At 7 d post-reperfusion, mice were deeply anesthetized and a blood sample was collected. Animals were perfused transcardially with ice-cold 0.1 M PBS and 4% paraformaldehyde. Brains were removed, postfixed overnight in 4% paraformaldehyde, cryoprotected with 30% sucrose, and then frozen on dry ice. Brains were sectioned at 14 m on a cryostat and thaw-mounted onto Super Frost Plus slides (Fisher). Slides were stored at Ϫ20°C until further processing. Separate slides were processed for Fluoro-Jade C, Mac-1, ChAT, and AchE. For each stain, one section per animal was analyzed; coronal sections between Ϫ1.6 and Ϫ1.8 mm caudal to bregma were selected for hippocampal measurements, and sections between 1.1 and 1.3 mm caudal to bregma were selected for the basal forebrain measurements (Franklin and Paxinos, 1996) . Data collection was performed by an individual who was not informed of individual group assignments.
Fluoro-Jade C histochemistry. Slides containing 14 m sections were stained according to established protocols (Schmued and Hopkins, 2000) . Slides were dried at room temperature, immersed in a basic ethanol solution and then rinsed in 70% ethanol and distilled water. Slides were then treated with potassium permanganate (0.06%) for 10 min, rinsed with water, and then incubated in Fluoro-Jade C (0.0001% in a 1% acetic acid solution); sections were rinsed in dH 2 O, and dried on a slide warmer and coverslipped with DPX (Sigma). Consistent with previous studies (Weil et al., 2008 (Weil et al., , 2009 Norman et al., 2010) , Fluoro-Jade C-positive cells were counted in the hippocampus (CA1, CA2, CA3, and dentate gyrus). Images of fluorescently stained sections were captured with a digital camera (Axiocam, Zeiss) connected to a fluorescent microscope (Axioskop, Zeiss) using Axiovision software (Zeiss).
Mac-1 histochemistry. Microglia were visualized using an antibody directed against Mac-1. Following quenching in H 2 O 2 and methanol, slides were incubated for 24 h at room temperature with rat anti-Mac-1 antibody (Serotec) diluted 1:100 in phosphate buffer containing 0.3% Triton X-100, rabbit serum, and bovine serum albumin. Slides were then rinsed and incubated with rabbit anti-rat secondary antibody (1:500; Vector Laboratories) for 2 h. Sections were then rinsed and treated with Elite ABC reagent for 60 min. Sections were again rinsed with phosphate buffer solution and then visualized with DAB (3,3Ј-diaminobenzidine) containing nickel. After visualization, slides were rinsed in distilled water, then dehydrated, cleared, and coverslipped.
Proportional area analysis was used as an index of microglial activation; the hypertrophy that occurs when microglia become activated increases surface staining area (Popovich et al., 1997) . Briefly, a fixed size rectangular "scan box" was superimposed over the hippocampus in each image, and the percentage of the stained area within the box was recorded (ImageJ, NIH). The proportional area was calculated as the percentage of the tissue stained relative to the entire scan box area (Weil et al., 2009) .
ChAT expression. Brain sections were treated for antigen retrieval by immersion in proteinase K (20 mg/ml) for 10 min at 37°C. Slides were then rinsed in 0.1 M PBS, quenched in H 2 O 2 , rinsed again, and blocked with goat serum. Slides were incubated for 24 h at room temperature with an antibody to ChAT (1:500, Millipore), then rinsed and incubated with anti-rabbit secondary antibody (1:500, Vector Laboratories) for 2 h. Sections were then treated with Elite ABC reagent and then visualized with diaminobenzidine containing nickel (Vector Laboratories). ChATpositive cells were counted within the entire basal forebrain (nucleus basalis, diagonal band of Broca, and medial septal nuclei) and the entire hippocampus (CA1, CA2, CA3, and dentate gyrus), and then summed to form single estimates of ChAT-positive cells within the entire hippocampus and basal forebrain.
AChE expression. Tissue was quenched in H 2 O 2 , rinsed in 0.1 M maleate buffer, then incubated for 45 min at room temperature in 0.0025% acetylthiocholine, 0.25% sodium citrate, 0.5% copper sulfate, and 0.5% potassium ferrocyanide in 0.1 M maleate buffer. Sections were then rinsed and visualized with diaminobenzidine containing nickel. Photographs of hippocampus (CA1, CA2, CA3, and dentate gyrus) and basal forebrain (nucleus basalis, diagonal band of Broca, and medial septal nuclei) were digitized, an analysis window was superimposed onto the region of interest (hippocampus or basal forebrain), and proportional stained areas were assessed using ImageJ software (NIH).
IL-6 protein quantification. Blood samples were collected at 3 and 7 d following surgery and immediately centrifuged at 6000 rpm for 30 min at 4°C; sera were collected, aliquoted, and stored at Ϫ80°C until assayed. Serum samples were then assayed for IL-6 using a sandwich ELISA kit (BD Biosciences) according to manufacturer's protocol. As a result of the large amount of sample needed to conduct ELISA, the assay was limited to one protein; IL-6 was chosen based upon its proposed role in the development of various pathophysiological responses associated with ischemia (Smith et al., 2004) .
ChAT activity. Samples consisting of one hemisphere per animal were assayed for endogenous ChAT activity as determined by the formation of [ 14 C]acetylcholine from [ 1-14 C]acetyl-coenzyme A (CoA) and choline, as previously described (Wenk et al., 2003) . Protein concentrations were determined by Bradford assay; all assays were performed in triplicate.
Results
Global cerebral ischemia is associated with increased mRNA expression of proinflammatory cytokines and altered cellular components of central cholinergic signaling As expected, global cerebral ischemia resulted in increased hippocampal expression of the proinflammatory cytokines TNF␣ (F (1,23) ϭ 55.96, p Ͻ 0.05), IL-1␤ (F (1,23) ϭ 4.64, p Ͻ 0.05), IL-6 (F (1,23) ϭ 4.90, p Ͻ 0.05), Mac-1 (F (1,23) ϭ 4.32, p Ͻ 0.05), and GFAP (F (1,23) ϭ 30.34, p Ͻ 0.05) at 3 d following surgery (Fig. 1a) compared with controls. Additionally, normothermic CA/CPR animals displayed reduced hippocampal mRNA levels of the enzyme responsible for acetylcholine synthesis, ChAT (F (1,23) ϭ 11.63, p Ͻ 0.05) (Fig. 1b) , as well as AChE (F (1,23) ϭ 5.02, p Ͻ 0.05) (Fig. 1b) and vAChT (F (1,23) ϭ 6.02, p Ͻ 0.05) (Fig. 1b) , which are responsible for synaptic clearance of ACh and the loading of ACh into synaptic vesicles, respectively. No group differences were detected for the ChT1 (F (1,23) ϭ 0.20, p Ͼ 0.05) (Fig.   Figure 1 . Global cerebral ischemia increases proinflammatory cytokine mRNA expression and decreases mRNA expression of functional substrates of cholinergic signaling at 3 d following surgery. a, At 3 d following surgery, the CA/CPR animals displayed increased hippocampal mRNA levels of the proinflammatory cytokines TNF␣, IL-1␤, and IL-6. Similarly, the neuroglia markers MAC-1 and GFAP were increased in CA/CPR animals compared with controls. b, The CA/CPR procedure resulted in significant reductions in hippocampal levels of cholinergic signaling substrates ChAT, AChE, and vAChT but not ChT1. Data represent the ratio of the expression of the gene of interest relative to the housekeeping gene 18s. c, Circulating levels of IL-6 were elevated in CA/CPR animals compared with controls at 3 d following surgical manipulation. Data are presented as mean Ϯ SEM. An asterisk (*) indicates a statistically significant difference from control ( p Ͻ 0.05). 1b). These results indicate that CA/CPR engenders an increase in hippocampal proinflammatory cytokine mRNA levels and microglial markers, and widespread alterations in central cholinergic signaling.
The effects of global cerebral ischemia on neuronal cell death, neuroinflammation, and central cholinergic signaling
Normothermic CA/CPR animals displayed elevated serum IL-6 protein levels at 3 d following surgery (F (1,24) ϭ 25.26 p Ͻ 0.05) (Fig. 1c) . Similarly, CA/CPR animals had significantly more Fluoro Jade C-positive neurons within the hippocampus compared with controls (F (1,24) ϭ 21.45, p Ͻ 0.05) (Fig. 2a,c,d) . A similar pattern was apparent for microglial expression; normothermic CA/CPR animals displayed a significant increase in Mac-1 proportional area within the hippocampus at 7 d following surgery relative to control animals (F (1,24) ϭ 5.08, p Ͻ 0.05) (Fig. 2b,e,f ) .
Histological analysis revealed that CA/CPR animals had diminished hippocampal AChE levels (F (1,24) ϭ 6.00, p Ͻ 0.05) (Fig. 3a,d ,e), in conjunction with reduced numbers of ChATpositive neurons within the basal forebrain, compared with controls (F (1,24) ϭ 6.32, p Ͻ 0.05) (for representative photomicrographs of ChAT-positive neurons in the basal forebrain, see Fig. 3b,f,g) ; the basal forebrain is a primary source of cholinergic innervation of the hippocampus.
In keeping with the histological and mRNA analysis reported above, the enzymatic activity of ChAT was found to be significantly decreased in normothermic CA/CPR animals compared with controls (F (1,18) ϭ 4.77, p Ͻ 0.05) (Fig. 3c) . Finally, circulating IL-6 levels were not different between CA/CPR and controls at 7 d following surgery (F (1,24) ϭ 0.19, p Ͼ 0.05) (Fig. 3h) . These data show that global cerebral ischemia engenders broad alterations within central cholinergic signaling, which may be associated with pathophysiological processes. (Fig. 4b) . GTS-21 did not significantly alter mRNA levels of IL-1␤, IL-6, or GFAP ( p Ͼ 0.05). Animals treated with GTS-21 displayed decreased cell death (F (3,53) ϭ 24.12, p Ͻ 0.05; Tukey Ͻ 0.05) (Fig.  4c,e,f,g ) and microglial activation (F (3,53) ϭ 15.10, p Ͻ 0.05; Tukey Ͻ 0.05) (Fig.  4d ,h,i,j) at 7 d following CA/CPR compared with vehicle-treated controls, GTS-21-treated animals, and GTS-21 ϩ mecamylamine (nAChR antagonist)-treated normothermic CA/CPR animals. As can be seen in Figure 4 , simultaneous administration of the selective nicotinic antagonist mecamylamine with GTS-21 to CA/CPR animals eliminated the effects of GTS-21 on neuronal cell death ( p Ͻ 0.05) and microglial expression ( p Ͻ 0.05) (Fig. 4c,d ), confirming the role of nAChR in mediating the effects of GTS-21.
Pharmacological cholinergic stimulation by the

Discussion
The cholinergic system is important for maintaining appropriate central and peripheral immune responses (Tracey, 2009 ). The guiding hypothesis for the current study was that ischemiainduced cholinergic and immunological dysregulation contribute to impaired recovery following cardiac arrest. In our model, CA/CPR results in substantial increases in mRNA expression of the proinflammatory cytokines TNF␣ and IL-1␤ in the hippocampus 3 d following surgery compared with controls ( 1a). Neuroinflammation following cerebral ischemia is a major contributor to neuronal cell death (Harukuni and Bhardwaj, 2006) , and causal roles have been established for these two proinflammatory cytokines. Indeed, inhibition of TNF-␣ and IL-1␤ reduces damage resulting from ischemic injury (Yang et al., 1998) , while administration of proinflammatory cytokines after the onset of ischemia worsens ischemic brain damage (Barone et al., 1997) . Expression of IL-6 mRNA, a pleiotropic cytokine that has both pro-and anti-inflammatory effects depending on location and time course, was also increased in the hippocampus and serum at 3 d following CA/CPR, compared with control.
The observed increase in proinflammatory cytokines may be related to postischemic alterations in the activities of microglia and astrocytes; the primary regulators of central inflammatory responses. Hippocampal mRNA levels of MAC-1 and GFAP, markers of microglia and astrocytes, respectively, were significantly elevated at 3 d following CA/CPR relative to the ischemic control (Fig. 1a) . A similar pattern of MAC-1 expression and neuronal damage was observed on postischemic day 7 (Fig. 2a-f ) . Microglia are thought to contribute to neuronal cell death following global cerebral ischemia (Neigh et al., 2009) ; pharmacological inhibition of microglial activation following CA/CPR inhibits cell death responses and improves behavioral outcome (Neigh et al., 2009) .
In addition to the effects on central and peripheral inflammatory processes, CA/ CPR influences numerous cellular substrates known to mediate functional cholinergic transmission. Indeed, 3 d following CA/CPR, mRNA levels of ChAT, AChE, and vAChT were diminished in the hippocampus compared with the ischemic control group (Fig. 1b) . Furthermore, CA/CPR reduced the number of ChAT-positive neurons within the basal forebrain (Fig. 3b) , a primary source of hippocampal cholinergic innervation (Sarter and Parikh, 2005) , and caused a significant reduction in ChAT activity relative to the ischemic control (Fig. 3c) . Similarly, CA/CPR decreased the number of AChE-positive neurons within the hippocampus at 7 d following surgery (Fig. 3a) .
The modulation of various components of central cholinergic signaling following cerebral ischemia decreases the production of Ach (Cooper, 1994; Wenk and Willard, 1998) , which in turn may contribute to pathological levels of inflammation through diminished signaling at ␣7nAChR. Consistent with this line of reasoning, treatment with GTS-21, a centrally acting cholinergic ␣7nAChR agonist, beginning 24 h after CA/CPR reduced circulating levels of IL-6 and hippocampal TNF-␣ and MAC-1 mRNA expression at 3 d following CA/CPR (Fig. 4a) . Likewise, daily treatment with GTS-21 decreased hippocampal cell death and microglial expression within the hippocampus at 7 d following CA/CPR, while simultaneous treatment with a selective nAChR antagonist eliminated the beneficial effects of GTS-21 (Fig. 4c-j) . Interestingly, GTS-21 treatment significantly reduced IL-6 protein concentrations in serum, while having no apparent effect on IL-6 mRNA expression in the hippocampus (Fig. 4a,b) . This apparent discrepancy in outcome could reflect the distinct mechanisms controlling IL-6 expression in the brain versus periphery (Chapman et al., 2009; Suzuki et al., 2009) . Indeed, IL-6 protein concentrations in the brain and periphery after focal cerebral ischemia can be inversely related under some circumstances ). Thus, CA/CPR disrupts central cholinergic transmission at multiple points, and restoration of one aspect of cholinergic signaling at ␣7nAChR has mitigating effects on several, but not all, of the pathophysiological responses to global cerebral ischemia.
Of particular interest to the present study, ␣7 nicotinic receptors are expressed on neurons, monocytes, and microglia across various brain regions, including the hippocampus (Youngquist et al., 2009) , and GTS-21 diminishes serum cytokine production following immune stimulation (Rosas-Ballina et al., 2009). Thus, the broad and diverse distribution of ␣7nAChR within the brain Figure 4 . Daily pharmacological stimulation of ␣7 nicotinic cholinergic receptors decreases cerebral ischemia-associated proinflammatory cytokine gene expression, neuronal cell death, and neuroinflammation. a, Daily treatment with the ␣7nAChR agonist GTS-21 (4 mg/kg) beginning 24 h following surgery significantly diminished the relative gene expression of the proinflammatory cytokine TNF-␣ and microglia marker Mac-1 at 3 d following surgery. b, GTS-21 significantly decreased CA/CPR-associated increases in circulating IL-6 at 3 d following surgery. c, d, At 7 d following surgery, daily administration of GTS-21 decreased levels of cell death and microglial expression within the hippocampus, and this effect was blocked by coadministration of the nicotinic receptor antagonist mecamylamine. e-g, Representative photomicrographs of neuronal cell death within the CA1 region of the hippocampus in vehicle-treated animals (e), GTS-21-treated animals (f ), and animals treated with both GTS-21 and the nicotinic antagonist mecamylamine (g). h-j, Representative photomicrographs of microglia activation within the CA1 region of the hippocampus in vehicle-treated animals (h), GTS-21-treated animals (i), and animals treated with both GTS-21 and mecamylamine (j). Data are presented as mean Ϯ SEM. An asterisk (*) indicates a statisticallysignificant difference from control ( p Ͻ 0.05). † Statistically significant difference from GTS-21 ϩ mecamylamine.
provides a potential substrate through which centrally acting cholinergic agents, such as GTS-21, acting on the ␣7nAChR are able to influence cell death and inflammatory processes following cerebral ischemia. Importantly, GTS-21 is capable of crossing the blood-brain barrier (Mahnir et al., 1998) where it can act directly upon central ␣7nAChR and has been used safely in humans to treat conditions ranging from Alzheimer's to schizophrenia (Kem, 2000; Martin et al., 2004) . Therefore, the data presented in this manuscript warrant further research regarding the potential therapeutic role of pharmacological agents targeting the ␣7nAChR for the treatment of global cerebral ischemia. Peripheral inflammatory responses can exacerbate cerebral ischemia, and peripheral treatment with anti-inflammatory agents has been shown to decrease inflammation and neuronal cell death following ischemia (Spencer et al., 2007) . In addition to its central effects, GTS-21 has also been shown to inhibit peripheral inflammatory responses (Pavlov et al., 2006; Rosas-Ballina et al., 2009 ). Therefore, it is possible that the actions of GTS-21 may result from its ability to inhibit peripheral inflammatory responses to cerebral ischemia; future studies will be necessary to determine the role of central versus peripheral ␣7nAChR following cerebral ischemia, and whether treatment with GTS-21 prevents the development of behavioral deficits. Importantly, GTS-21 was administered a full 24 h following CA/CPR, which indicates a wide clinical therapeutic window. In addition, the efficacy of peripherally administered GTS-21 provides a clinically relevant route of drug administration since GTS-21 readily crosses the blood-brain barrier (Mahnir et al., 1998) .
Interestingly, while we repeatedly demonstrated the effects of cerebral ischemia on markers of cholinergic functioning, we found no changes in ChT1 . One explanation for the selective effects on ChAT and vAChT may result from the fact that they are expressed intracellularly and ChT1 is expressed on the cell surface, and the pathophysiological cascade mechanisms associated with cerebral ischemia may affect these two locations differently. Also, ChAT and vACht share a number of promoters that drive gene expression in similar patterns for both molecules (Cervini et al., 1995) . Future studies will be necessary to determine the role of ChT1 following cerebral ischemia.
Together, our data provide evidence that CA/CPR causes a dysregulation of central cholinergic signaling and engenders large increases in neuroinflammation, serum IL-6, and neuronal damage that were effectively mitigated by postischemia treatment with an ␣7nAChR agonist. These data suggest that ␣7nAChRs represent a potential target for the pharmacological treatment of global cerebral ischemia following CA/CPR.
